INTRODUCTION
The ELISA test (enzyme-linked immunosorbent assay; Clark & Adams, 1977) has become a standard method for the detection of plant viruses within less than l0 years of its introduction. The test has a number of advantages over previous methods. These include high sensitivity, easy standardization and automation as well as the capacity to handle a wide variety of samples. The ELISA technique has been applied with special success to the detection and identification of potato viruses and little criticism has been presented against its reliability in the testing of potato leaf samples (Maat & de Bokx, 1978; Daniel & Hunnius, 1980; Banttari & Franc, 1982) . Virus detection in potato tubers has been found to be less accurate (de Bokx et al., 1980) and the usefulness of the test for this purpose has been questioned (Hill & Jackson, 1984) .
A number of modifications of the direct double sandwich ELISA have been introduced (BarJoseph & Malinkson, 1980; van Regenmortel & Burckard, 1980; Barbara & Clark, 1982) but none of them has shown significant improvement in more than one property at a time. An approach to avoid the problems arising from the use of a chromogenic substrate was MUP-ELISA, introduced by Torrance & Jones (1982) , in which p-nitrophenyl phosphate was replaced by fluorogenic 4-methylumbelliferyl phosphate.
The time-resolved fluoroimmunoassay (TR-FIA) has been developed to increase the sensitivity of fluorescence measurements. This increase in sensitivity is possible by avoiding the non-specific background fluorescence which normally comes from the sample and from scattered light. Background elimination is achieved by the use of a europium chelate which produces an intense fluorescence with a very long decay time (approx. 1 ms). Measurement is started 0.4 ms after excitation; during this delay period the non-specific background fluorescence has decayed (Soini & Kojola, 1983) . Only the fluorescence coming from the europium chelate is measured. This procedure gives a higher specific activity than conventional radioactive labels without the drawbacks of radioactivity.
This preliminary study was made to test the suitability and potential of TR-FIA in the detection of plant viruses in crude plant extracts and especially in extracts of dormant potato tubers. Moreover, a very simple and rapid one-incubation assay protocol (Siitari et al., 1983 (Siitari et al., , 1986 ) was used to detect potato virus Y.
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Virus purification. For comparative tests to detect potato viruses X (PVX) and Y (PVY) with TR-FIA and ELISA, sap from healthy and infected tuber and leaf samples was serially diluted in 10-fold steps, 10 to 106, in sample buffers. The PVY samples included the isolates YSF10 (PVY°), YSFI 1 (PVY") (Kurppa, 1983) , and an uncharacterized field isolate of the PVY ~ strain, all in the potato cv. Record. In addition to the diluted extracts from secondarily infected dormant tubers of four potato cultivars, PVX was also detected in a partially purified preparation of the ringspot strain of the virus. Control samples for PVX also included potato viruses M, S and Y. A Protein-A Sepharose-purified fraction of rabbit immunoglobulins (IgG PVX, Kurppa, 1983; IgG PVY, Kurppa & Korhonen, 1984) was used at 1 l.tg/ml for coating the plates and for preparing the conjugates.
Coupling of -diethylenetriamine-N',N2,N3,N3-tetraacetate was synthesized as described previously (Mikola et al., 1984) . This reagent was used for the coupling of europium to antibodies through the amino groups of the proteins . A 100-fold molar excess of the Eu reagent was used, which incorporated about 7 Eu atoms per IgG molecule. The coupling reaction was carried out for 18 h at 0 °C in 0.1 M-bicarbonate buffer pH 9.2. The Eu-IgG complex was separated from free Eu reagent by gel filtration in a Sepharose 6B column equilibrated with 0.05 M-Tris-HCI buffer pH 7.75 containing 0.9 ~ NaC1 and 0.05~ NAN3. The En-IgG complex was stored at 4 °C.
One-incubation TR-FIA. The assays were performed in the wells of polystyrene microtitration strips (12 wells/strip, Eflab Oy, Helsinki, Finland) coated with the IgG fraction for 18 h at 25 °C in 0.1 M-bicarbonate buffer pH 9.6. Prior to use, the strips were washed twice with 0.9~ NaCI containing 0.05~ Tween-20 and 0.3~ Germal II. One hundred ~tl of specimens to be tested was added into the wells in duplicate whereafter 50 ng of Eucoupled IgG fraction of the same hyperimmune serum that had been used for coating was added in 100 gl of 0.05 MTris-HCl buffer pH 7.75 containing 0.9~ NaC1, 0. 5~ gelatin, 20 ~tM-diethylene-triamine-N',N',N",N" ,N"-pentaacetic acid, 0.01 ~, Tween-40 and 0.05~ NAN3. The strips were incubated for 1 h at 40 °C, and washed five times with the wash solution. Thereafter the enhancement solution (200 lal/weU) containing 15 ~tM-2-naphthoyltrifluoroacetone, 50 ~tM-trioctylphosphine oxide and 0.1~ Triton X-100 in 0.1 M-acetate/potassium phthalate buffer pH 3.2 was added and the strips were shaken for 10 min on an LKB-WalIac 1292 rack shaker and measured in an LKB-WalIac 1230 Arcus TM fluorometer for 1 s/specimen. The photons emitted were measured as counts per second (c.p.s.). The automatic data reduction program calculated both the mean value of duplicates and the coefficient of variation (CV~).
Two-incubation TR-F1A. Two-hundred lal of test specimens was added into the same strips as were used in the one-incubation TR-FIA. The strips were incubated for 1 h at 40 °C, washed twice with the wash solution and 200 ~tl of the Eu-labelled IgG fraction (50 ng/well) was added. The strips were then incubated for an additional hour at 40°C. After the incubation step the assay proceeded in the same manner as the one-incubation assay.
ELISA. ELISA plates (Microstrip R, Eflab, Helsinki, Finland) were coated with antibody by incubation for 2 h at 37 °C, incubated with test samples overnight at 4 °C, and with the conjugate for 4 h at 37 °C. Readings were taken with a Titertek Multiskan MCC reader after 60 rain incubation with substrate (p-nitrophenylphosphate, 0.7 mg/ml) at 20 °C. Fresh substrate solution was used as a blank.
All experiments had two replicates. The results are presented as c.p.s, and absorbance readings or as ratios of the readings for infected and healthy samples.
RESULTS
In partially purified preparations, the limit of detection of PVX was less than 100 pg virus/ml (Table 1) . Potato virus X could be detected reliably in secondarily infected dormant tubers when the extracts were diluted 1/104 to 1/106, depending on the potato cultivar (Table 1) (Fig. 1) . The CV~ between the replicates was low throughout the tests.
Potato virus Y was reliably detected by one-incubation TR-FIA in potato leaf samples diluted 104-fold or 106-fold (Table 2) signal for extracts of healthy tubers at a 1 / 10 dilution was relatively high, but at greater dilution it was low. The signal level of PVY ° strain samples, heterologous to the immunoglobulin, regularly remained lower than comparable homologous or strain-specific counts (Table 3) . Potato virus Y could be detected by double antibody sandwich ELISA in all virus-positive potato leaf samples at a 1/103 dilution (Table 3 ). The PVY-infected/healthy ratio remained high at greater dilutions but the absorbance values were too low to allow reliable conclusions. In tuber samples, the virus was reliably detected only at 1/10 dilution because of consistently low readings. Dilutions of PVY n strain-infected samples, specific to the immunoglob~:fin, also gave a relatively good indication of the presence of the virus at a 102 dilution but the PVY ° strain antigens remained undetectable. All background absorbance values were low, in most cases less than 0.020. 
DISCUSSION
In plant virus detection, sensitivity limits of around 1 ng/ml for direct or indirect ELISA have been reported by Clark & Adams (1977) and Lommel et al. (1982) . For PVY a limit of detection of about 15 ng/ml with direct and indirect ELISA has been reported by Torrance (1981) . Both TR-FIA and direct ELISA were found to be sensitive in our work. TR-FIA was, however, five to 100 times more sensitive than ELISA and the limit of detection corresponded to about 50 to 100 pg of antigen/ml. Dormant potato tubers were selected for this work as these contain the lowest concentrations of virus. This would ensure that the level of virus detected in these samples would be detectable in all specimens likely to be found. According to Banttari & Franc (1982) , PVX could be detected with high accuracy even in dormant potato tubers using ELISA or modified ELISA techniques, but these workers found it difficult to detect potato virus S using these methods. Potato virus S is present in dormant tubers in higher concentrations than PVY. Hill & Jackson (1984) have suggested that PVY should not be measured in dormant tubers using ELISA because the virus would be underestimated using this method.
No serious problems were found in the TR-FIA when using leaf or tuber material diluted 10-fold or more (Tables 2 and 3 ). Higher background counts were found with 10-fold dilutions of tuber specimens but this was thought to be due to insufficient washing of the plates when using a washing programme similar to that used in clinical studies. With two extra wash cycles this higher background was eliminated. For the detection of PVY and PVX the two-incubation method was superior to the one-incubation method, particularly in respect of assay linearity. The specific signal levels were clearly higher whereas the background counts were similar with both assay procedures (Tables 2 and 3 ). Moreover, the hook effect, which was commonly present in the one-incubation method, was not seen with the two-incubation method. The linearity of the assay allows the test to be used for quantitative measurements of virus antigens. The fluorescence measurement itself is linear within a wide range from approximately 5 x 102 c.p.s, to 5 x 106 c.p.s.
The one-incubation method, which cannot be considered a quantitative assay, is very rapid and easy to perform. The procedure minimizes the user's workload and allows large scale assays to be done in a short period of time. The optimal dilution of specimens was 10Z-fold for tuber samples and 102-fold or more for leaf samples (Table 2) .
When a comparison was made between the two-incubation, quantitative TR-FIA and ELISA (Table 3) , it was clear that the TR-FIA method was superior in terms of linear range and sensitivity. For leaf samples all dilutions down to 106-fold could be quantified using TR-FIA; the poor linearity of the ELISA made only the 103-fold dilution quantifiable and the limit of detection was between the 103-and 104-fold dilutions. The poor sensitivity of the ELISA could be attributed partly to the variability in the measurement of absorbance at low levels. For tuber samples the TR-FIA detected virus down to 10Z-fold dilution, whereas the ELISA was at its limit of sensitivity with the 10-fold dilution.
One disadvantage of TR-FIA is the need for investment in a fluorometer as no visible colour reaction will develop. However, in large scale routine determination this investment is justifiable. Any additional capital outlay would be offset by the advantages of the technique; in particular the possibility of using only tuber samples for analysis is attractive. Furthermore, the use of microtitration strips together with a very rapid measurement time (1 s/sample) produces a sample throughput of about 360 samples in 10 minutes. Because of its high sensitivity, TR-FIA may well prove of great value in difficult detection problems, such as finding viruses in their insect vectors.
